We have previously identified a generally occurring short-range mobility of nucleosome cores on DNA in relatively low ionic strength conditions. Here we report that this mobility of histone octamers positioned on constructs of 5S rDNA is suppressed by the binding of histone Hi or H5 to the nuceosome. Histone HS Is the more potent inhibitor of nudeosome mobility, in accordance with its higher affinity for chromatin. We propose that this reversible restraint on chromatin dynamics may play a role in local regulation of processes that require access to the DNA. H1 has been identified as a general repressor of transcription (6, 7). It was assumed previously that active genes were devoid of H1 and that Hl-induced higher-order structures caused repression. Recent studies, however, show that H1 remains in active chromatin fractions, probably in reduced amounts or with aweakened afflnity (8) (9) (10) (11) . This modified association ofHi with active chromatin may allow access to the DNA.
H1 has been identified as a general repressor of transcription (6, 7) . It was assumed previously that active genes were devoid of H1 and that Hl-induced higher-order structures caused repression. Recent studies, however, show that H1 remains in active chromatin fractions, probably in reduced amounts or with aweakened afflnity (8) (9) (10) (11) . This modified association ofHi with active chromatin may allow access to the DNA.
It should be noted that even without H1, the packaging of DNA into nucleosome cores in itselfrenders a large component of the DNA sequences inaccessible to trans-acting factors (for reviews, see refs. 12 and 13) . The mechanisms of eukaryotic DNA processing probably involve a dynamic behavior of the nucleosome structure. Various modes of nucleosome disruption, nucleosome transfer, and histone dissociation have been invoked in models for initiation and elongation of transcription (for reviews, see refs. 13 and 14) . We have identified (iS) a general mobility of nucleosomes under conditions of relatively low ionic strength that may be relevant to these models. Nucleosome cores containing the full histone octamer exhibit short-range mobility over 1O-bp DNA intervals. Thus the rotational setting of the DNA around the octamer is conserved during these nucleosome core movements (16) . This temperature-dependent short-range mobility is distinct from the previously observed nucleosome sliding at relatively high ionic strengths (17, 18) , which probably results from the weakening of histone-DNA interactions.
Because of the probable importance of H1 as a general repressor, we have investigated the effect of the binding of linker histones on nucleosome mobility. Nucleosome positioning on sea urchin 58 rDNA is well characterized both without (19) (20) (21) and with (21) bound linker histones. We show that histones H1 and H5 (a member of the H1 family found in nucleated erythrocytes) effectively suppress the redistribution of histone octamers between possible nucleosome positions on this DNA. If nucleosome mobility is required for access to the DNA, then H1 could function as a repressor outside the context of the 30-nm fiber through its immobilization of nucleosome cores.
MATERIALS AND METHODS
Preparation of DNA Substrates. The 207-bp sea urchin 5S rDNA fragments were generated from the tandemly repeated insert of plasmid p5S207-18 (22) by Ava I restriction digestion. Head-to-tail dimers of this sequence were obtained by ligation at the asymmetric Ava I site (CCCGAG) with T4 DNA ligase, starting from two populations of monomer fragments that were each partly filled-in at one 3' end by using the Klenow fragment ofDNA polymerase I (either with dTTP or with dCTP and dGTP), thus minimizing polymerization during ligation. DNA fragments were purified on a Mono Q column (Pharmacia), by eluting with a 0.7 -0.8 M NaCl gradient in 0.2 mM EDTA/20 mM Tris-HCl, pH 8.0.
Preparations of Ch and Histones Hi and HS. HeLa S3 cells were grown as described (23) . Long chromatin was prepared from HeLa or chicken erythrocyte nuclei (15) and depleted of very lysine-rich histones by sucrose gradient centrifugation in 600 mM NaCl/0.2 mM EDTA/0.1 mM phenylmethylsulfonyl fluoride/10 mM Tris-HCl, pH 7.4. The depleted chromatin was used to prepare histone octamers as described below. Top fractions of the gradient, containing the linker histones, were further purified by hydroxyapatite FPLC. Pure chicken Hlab and H5 were obtained by elution ofthe hydroxyapatite column with a potassium phosphate gradient. HeLa Hlab was further purified on a C4 reverse-phase HPLC column as described (24) . After lyophilization, this histone was renatured by stepwise dialysis from 7 M urea/2 M NaCG into 500mM NaCl/50 mM potassium phosphate, pH 6 
RESULTS
The effect of bound linker histones on nucleosome mobility was studied on mononucleosomes assembled on dimers of 207 bp of the sea urchin 5S rDNA sequence. The sequence contains a strong nucleosome positioning site (19) , on which the histone octamers assemble in a dominant position flanked by minor positions 10 bp apart (21) . We have demonstrated that histones H1 and H5 can be faithfully reconstituted into this chromatin.
In the absence of linker histones, histone octamers redistribute between the possible 5S rDNA nucleosome positions, which share the same rotational setting of the DNA around the octamer (16) . This nucleosome mobility is a temperaturedependent process that occurs at relatively low ionic strengths, with all histone-DNA interactions intact. Nucleosome mobility is a general phenomenon observed also for bulk nucleosomes (15) .
The assay employed in this study makes use of our finding that the electrophoretic mobility of positioned nucleosomes in polyacrylamide gels is a function ofthe proximity ofthe octamer to the ends ofthe DNA fragment (15, 26, 27) . For monomers and head-to-tail dimers of the 5S rDNA sequence, each of the possible nucleosome positions has been linked to a band in the nucleoprotein gel pattern. This direct visualion ofthe native nucleosome positions on a DNA fragment has provided a direct approach to follow nucleosome mobility (15) .
Effect of Histone H1 on Nuclosome Mobility. Fig. 1A , lane 1, shows the gel band pattern produced by mononucleosomes assembled without linker histones on the 414-bp 5S rDNA dimers. The bands contain the different possible nucleosome positions from intact single histone octamers (15, 16) . Dimer constructs were chosen as substrates rather than monomer 207-bp 5S rDNA because they allow a better resolution ofthe different nucleosome positions (15) .
Linker histones were reconstituted on the 414-bp mononucleosomes. Fig. 1A , lanes 2-4, shows the effect of H1 binding on the mononucleosome band pattern. For this experiment, chicken H1 was used because it can be prepared to high purity in nondenaturing conditions. The latter was reported to be important for faithful association of linker histones to nucleosomes (28 Proc. NatL Acad Sci. USA 91 (1994) amounts of H1, up to one H1 per nucleosome, some bands in the pattern disappeared and new ones emerged. It can be assumed that nucleosomes will migrate more slowly when H1 is bound, as is the case with native nucleosomes. The mobility on the DNA of the differently positioned nucleosomes contained in each band was studied by twodimensional nucleoprotein gel electrophoresis. A lane identical to the one shown in Fig. 1A , lane 1, was excised from the nucleoprotein gel and cut in half lengthwise. After incubation of one-half ofthe gel strip at an increased temperature, it was electrophoresed at 40C in a second dimension. Because the running conditions for both dimensions are the same, the two-dimensional nucleoprotein gel displays the firstdimension band pattern (Fig. 1A, lane 1) on a diagonal line if no redistribution of nucleosomes relative to the DNA fragment has occurred, as observed for the control gel strip kept at 40C (Fig. 1B, upper part) . Nucleosomes that have changed their location during the incubation at 37TC, however, have a different electrophoretic mobility when electrophoresed in the second dimension. These nucleosomes are observed as off-diagonal dots in the two-dimensional gel pattern. In the absence of H1, considerable rearrangement of histone octamers occurred on the DNA at 370C, as is evident from the number of off-diagonal elements in Fig. 1B , lower part. We have interpreted (15) this pattern for mononucleosomes assembled on dimers of 5S rDNA as reflecting the redistribution of histone octamers within the cluster of possible positions on each half of the dimer DNA.
The two-dimensional nucleoprotein particle gel analysis of Fig. 1A , lanes 2-4, containing increasing amounts of H1, is shown in Fig. 1 C-E. Comparison of the two-dimensional patterns from these gel strips, incubated at 3TC, with the control 37°C nucleosome pattern without H1 (Fig. 1B , lower part), shows a clear reduction in the off-diagonal elements as a function of increasing histone H1 input. At one H1 per octamer, incubation at 37°C results in a pattern very similar to that of the control gel strip kept at 4°C (Fig. 1E) . Thus, results suggest that H1 inhibits the short-range mobility of histone octamers on the DNA.
Lcalization of Bound HI and H5. Titration of nucleosomes with H1 seems to freeze these nucleosomes in their locations on the DNA. In the extreme case, all nucleosomes with bound H1 would stay on the diagonal line, whereas those free of H1 would be off the diagonal line. Alternatively, some limited mobility would still be possible for Hi-containing particles. To answer this question, it was necessary to determine which of the bands and dots actually contain bound linker histones.
Chicken erythrocyte histones H1 and H5 and HeLa histone H1 were 14C-labeled by reductive methylation at lysine residues. The labeling was performed in conditions that do not affect the binding capacity of these linker histones for nucleosomes (25) . We determined the effect of bound linker histones on nucleosome mobility for the input ratio range of zero to two histones H1 or H5 per histone octamer. The number of linker histones per native nucleosome as isolated from nuclei is close to 1 histone H1 per nucleosome on average for most tissues and 1.3 histones H1 or H5 per nucleosome in chicken erythrocyte chromatin (29) . The first-dimension nucleoprotein gel band patterns of ethidium bromide-stained 414-bp nucleosomes associated with labeled linker histones ( Fig. 2A) do not show appreciable differences compared to nonlabeled assemblies (Fig. 1A,  lanes 2-4) . Chicken erythrocyte or HeLa histone H1 give identical band patterns. The histone H5-reconstituted particles migrate as different bands (Fig. 2A) . Histone H5 is an extreme variant of the H1 family of very lysine-rich histones.
H5-containing native chromatosomes also migrate differently from Hl-containing native chromatosomes. When comparing the ethidium bromide-stained gels that show the presence of DNA and of nucleoprotein complexes with the autoradiographs showing the bound labeled H1 or H5, it is clear that the Hi-or H5-labeled bands are superimposed on the original 414-bp mononucleosome bands. These bands gradually disappeared from the fluorescent pattern when more linker histones were added. The free DNA band was also titrated away, but only at high Hl/H5-to-octamer ratios. As the ethidium bromide-stained free DNA band diminished, labeled material appeared high up in the slots. This aggregation of complexes is consistent with a weaker affinity coupled to a strong cooperative effect for the association of linker histones with naked DNA, in agreement with earlier reports (30, 31) . We cannot exclude binding of some linker histones to those regions of the 414-bp DNA fragments that are not contained in a nucleosome conformation. However, the much slower titration of the free DNA with linker histones would indicate that the mononucleosome patterns are probably little affected by this type of linker-histone association.
Gel strips identical to the lanes shown in Fig. 2A were electrophoresed in a second dimension after incubation at 370C, as for Fig. 1 . On comparison of the autoradiographs with the ethidium bromide-stained gels, it is clear that the Hi-containing particles occur largely on the diagonal line ( Fig. 2 B and C) and the H5-containing particles occur exclusively on the diagonal line whereas off-diagonal dots are occasionally present in the ethidium bromide pattern. Dots on the diagonal line correspond to particles that have not altered their electrophoretic mobility during the incubation at increased temperature, and this seems due to their association with the very lysine-rich linker histones. Only limited movements seem possible with H1 present, as indicated by some radioactive signal around the diagonal. With H5, the 370C patterns are almost indistinguishable from those produced by the control gel strips left at 4°C (data not shown).
Most of the residual redistributions in the ethidium bromide-stained H1 patterns (Fig. 2 B and C) are non-Hlassociated with and largely occur in the last two columns of dots that correspond to 414-bp mononucleosomes located at an end position or positioned 10 bp from the left end of the DNA (15), which is the dominant positioning site on 5S rDNA. The H5 ethidium bromide patterns show much less residual non-H5-associated redistribution. As seen in the first-dimension lanes ( Fig. 2A) , the end-positioned nucleosomes (lowest nucleoprotein bands) appear to be more refractory to H1 association, which could point to a lower affinity of H1 for end-positioned nucleosomes.
The first-dimension lanes and the two-dimensional patterns corresponding to labeled H1 also show a weak trail of radioactivity that is not seen in the ethidium bromide stained gels, suggesting that this labeled background consists of free H1 (e.g., Fig. 2C Upper) . This means that small amounts of bound H1 are lost during electrophoresis. Loss of H1 is related to the voltage applied to the gel. These smears, however, are never found with H5-associated particles, in keeping with a tighter H5 association (1) .
In conclusion, mononucleosomes assembled on dimers of 207-bp 5S rDNA without linker histones have considerable freedom of movement between the possible positions of the histone octamer on this sequence. Our results show that these mobile nucleosomes become fixed in position when H1 or H5 is bound to the nucleosome. H5 is the more potent inhibitor of these movements, and this is probably due to a higher binding affinity of H5 for the nucleosomes than H1.
DISCUSSION
A number of observations on nucleosome rearrangements and transitions in transcription-and replication-related events (14, (32) (33) (34) Nucleosomes can be mobile in ionic strength conditions in which all histone-DNA interactions are supposedly intact (15, 16) . This means that although various possible nucleosome positions can be precisely defined, the actual location of a nucleosome can shift between these positions providing that the same rotational setting of the DNA on the histone octamer is maintained. Nucleosome mobility may be relevant to models of DNA processing in chromatin. In one study, closer nucleosome spacings in active chromatin were attributed to a mobility of nucleosomes in vivo (35) . In vivo DNA repair studies also revealed a mobility of nucleosomes in chromatin (36) .
Here, we have investigated the effect of the very lysinerich linker histones on nucleosome mobility. The absence of full stoichiometric amounts of linker histones in transcriptionally active regions of the genome (8) (9) (10) (11) ) is sufficient to prevent the formation of the higher-order chromatin fiber (9, 37) . However, from the proposed binding site of H1, linking the DNA regions entering and leaving the nucleosome with the central DNA turn at the dyad axis (4), the nucleosome would appear to be blocked from dynamic transitions to provide access to the DNA. H1 was recently reported to prevent transcription factor-induced rearrangements at a promoter element (38) .
This study uses a nucleoprotein gel assay that allows a direct visualization of the nucleosome positions on DNA fragments and the rearrangements of potentially mobile nucleosomes (15) . Histone H1/H5 binding to mononucleosomes assembled on a 414-bp 5S rDNA dimer was found to reduce the off-diagonal elements in the two-dimensional gel electrophoresis. All the Hl/H5-containing particles were confined to the diagonal, indicating no mobilities of those particles between 40C and 370C. We conclude that the binding of H1 and HS abolishes the nucleosome mobility between the cluster of possible positions found for the sea urchin 5S rDNA sequence, resulting in a more static nucleosome structure. Functional differences in this respect may exist because the H1 family of very lysine-rich histones is much less conserved than the core histones. The H1 family consists of species-specific and differentiation-specific members and various subtypes occurring in one cell type (5) . In rats, the distributions of different very lysine-rich histones in the nucleus suggest that they have functions in addition to the packaging of nucleosomes into chromosomes (24) . Linker histones help determine the nucleosomal spacing and may be B a wi at the origin of cell type specificity (28, 39) . One of the peculiarities of histone H1 that makes molecules of this class difficult to deal with in vitro but that probably has relevance to its function is its potential to redistribute between (and possibly within) chromatin fragments in biologically relevant ionic strength conditions (40, 41) .
From the results described in this report, it is clear that histone H5 suppresses the redistribution of nucleosomes between the possible positions more effectively than histone H1, probably because during gel electrophoresis H1 more easily comes off particles with which it is associated. Interestingly, H1 (but perhaps not H5) binds less well to endpositioned nucleosomes. H5 is an extreme variant of the H1 family, related to the mammalian terminal differentiation variant H10 and associated with genome inactivation (1). Thus, although H1 immobilizes nucleosomes on the DNA, mobility could be restored when H1 comes off during exchange. This potential would not exist with H5, which binds more tightly than H1 to chromatin (41) . The reversible histone modifications found in active chromatin (42) could further influence the affinity or modes of binding of the very lysine-rich histone variants.
Because of its pivotal role in packaging the genome in the higher-order chromatin structure, histone H1 seems to serve in a general reversible repression mechanism. In addition, the reported presence of H1 in active chromatin raises the question whether local binding of H1 to nucleosomes plays a role in a specific repression of chromatin regions. As we have established here, binding of H1 or H5 effectively anchors potentially mobile nucleosomes. The dynamics of chromatin structure seems, therefore, dependent on its affinity for H1 or the possibility for H1 redistributions, which in turn may depend on very lysine-rich histone subtype as shown here with histone HS. This may be one example illustrating the potential for Hi-mediated repression outside the higherorder chromatin fiber.
